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(57) Abstract 

An underlying gallium nitride layer (104) on a silicon carbide substrate (102) patterned with a mask (109) that includes an array of 
openings therein, and is etched through the array of openings to define posts (IONS) in the underlying gallium nitride layer and trenches (107) 
therebetween. The posts each include a sidewall (105) and a top having the mask thereon. The sidewalls of the posts are laterally grown 
into the trenches to thereby form a gallium nitride semiconductor layer (108a). During this lateral growth, the mask prevents nucleation 
and vertical growth from the tops of the posts. Accordingly, growth proceeds laterally into the trenches, suspended from the sidewalls of 
the posts. The sidewalls of the posts may be laterally grown into the trenches until the laterally grown sidewalls coalesce in the trenches 
to thereby form a gallium nitride semiconductor layer. The lateral growth from the sidewalls of the posts may be continued so that the 
gallium nitride layer grows vertically through the openings in the mask and laterally overgrows onto the mask on the tops of the posts, to 
thereby form a gallium nitride semiconductor layer (108b). The lateral overgrowth can be continued until the grown sidewalls coalesce on 
the mask to thereby form a continuous gallium nitride semiconductor layer. Microelectronic devices (110) may be formed in the continuous 
gallium nitride semiconductor layer. 
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FABRICATION OF GALLIUM NITRIDE LAYERS BY LATERAL GROWTH 



Federally Sponsored Research 

This invention was made with Government support under Office of Naval 
Research Contract Nos. N0001 4-96-1 -0765, N00014-98-1-0384, and N00014-98-1- 
0654. The Government may have certain rights to this invention. 

5 

Field of the Invention 

This invention relates to microelectronic devices and fabrication methods, and 
more particularly to gallium nitride semiconductor devices and fabrication methods 
therefor. 

io ~ ' " ' " 

Background of the invention 

* Gallium nitride^ 
including But not limited to .transistors, field emitters and pptoelectronic devices. It 
will be understood that, as used herein^ gallium nitride also includes alloys of gallium 
15 nitride such as alumihtirii g^Httrfi nitride, indium gallium nitride and aluminum 
indium gallium nitnde. , . 

* A major problem in^fa^ncatiiig gallium nitride-based microelectronic devices,..! 
' is the' fabrication of gallium nitride semiconductor layers having low defect densities;-* 
It is known 'that one contributor^ defect density is the substrate" on which the gallium; 
20 nitride layer is grown. Accordingly, ^though gallium riitride layers have been grown' , 
on sapphire substrates, it is known to reduce defect density by growing gallium nitride 
layers on aluminum nitride buffer layers which are themselves formed on silicon 
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carbide substrates: Notwithstanding these advances, continued reduction in defect 
density is desirable;- ' i ■'■■i iri; I::;:; - • >tg •;' 

t v-it is alsb known ^fabricate. gah^^ 
mask.. For example, ia fabricating field emitter arrays, ifcis known to selectively ,grpw 
5 gallium hitride.bn stripe or circiriarpanerri'edlsubs'tra^^ ; . 
publication's by Nam et kl r . .entitle"ds"5cfec/ive:^>ww//7 ofGaNandAfydxaoaNPtt..- 
Gdti/AlN/6H-SiC(000'l}Muliitoy^ V 
Epitaxy", Proceedings of the MaterialsiResearch; Society, December *ft96i.and:i?8i, 
"Growth of GaN 'arid'AlojGaosN on Patter ened ' Substrates via Qrgariometalljc Vapor 
10 Phase Epitaxy", Japanese Journal of Applied Physics., Vol. 36, Part2yNo.b5A, May 
1997, •pp.-L532-L53t& ;: As disGlosedin-thes&publicationsi uhdesired ridge growth or 
lateral overgrowth Way' ofec^-itodrtceitaiii'c'oriditions,...;:u':o . .1: . r i-y 
£.J,".:h ..j.'-'. 1 - • ■ "i -"'• , - v , '- ' '••.■•■<w- ■• . ' '.: 

- ; : Summary of the Invention 

15 r • * It is therefore an object of the present invention to provide improved methods 
v of fabricating gallium nitride semiconductor-layers, and improved gallium nitride, 
layers so fabricated. ' . ' "'" ■ '• • • r n : - : 

It is another object of the invention to provide methods of fabricating gallium 
nitride semiconductor layers that-tan have low defect densities, and gallium nitride 
20 semiconductor-layers so fabricated. - ..s -•«• * 

These and other objects are provided, according to the present invention, by ; 
masking an underlying gallium nitride layer ott-a silicon --carbide substrate with a mask 
that includes an array of bpenings-therein artd-etchihg the underlying gallium nitride 
layer through the array of openings to define a plurality of posts in The underlying 
25 gallium nitride' layer and a plurality of trenches therebetween, -The posts each include I 
a sidewall and atop having the mask thereon, Tnesidewalls.of the posts are laterally 
grown intothe trenches toMhereby fomi Ra'galliUm 1 nitride semiconductor layer. „ : ^ 
During thik- lateral grovVth, the mask' prevents flufcleatibn and^vertical growth from. the 
tops of the posts. AtcdrdingTyi growth proceeds' laterally into thertrehches, suspended 
30 fronv the sidewails : of the posts-' This-fbrin- Of growth; is referred to herein as. . . i ■ 
pendebepitaxy from the Latin "to hang?* -or "to-be suspended".' . Microelectronic .. 
devices may be formedln-the gallium nitride selni&riductor layer.. _ > - - ... 
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• Accofdirig^O'another aspectx>ftthe.invention.:the sidewa]ls,p£ the posts^are ; 
laterally grown into the trenches until the laterally grown sideways tcpalesce in;the 
trenched to thereby form a gallium nitride semi conductor: layer. ThfeJ??t.eral;growih 
' - from the sidewalk of thfe posts:may;be;cQntinued sq that the galljiiqfi ngitridejaye^;;- 
5 grows vertically through the openihgs^ih Jheimaskimd, laterally overgrows- onto- the : > 
mask on the tops b&the posts; to:therd>y/foima gillitirofiitticjf semiconductor Jayg* 
The lateral overgrowth can be dbmfriued\untiithe/gnJX>* sidey^Jls co;ale$ee,<*n Jh&o 
mask'mheretiyTfomi.a continuous! gallium riitridersehticotoduotpr A^ e Jeri s \ ^Vvcii 
' MicrOekctrodic^vices may be . formed in the continuous; gallium nitride^ (wy*:~J' 
10 'sSmicoriducfot-laysr. : Z , ! o . >;: ; c\m a h: >r**.*':o Mzr.-L-. / ' ^vj\1 ^ix - : 

• It has been foiitod. according totthe pteseiattmv^iftipn; thardisloc^tipa^defects 
do not significantly propagate laterally 4rom the sideayaite.s>f theposts^so that r ; 
laterally grown sidewalls of the posts are relatively defect-free. Moreover, during 
growth, it has been found that s^ificMtve^ on the top of the posts is r 

1 5 prevented by the mask so thatrelatfcvely defeet-free: lateral growth, occurs from the r, ; 
sidewalls onto the mask. .Significant nucleation onthe tap: of the posts also greferably^ 
is prevented. The overgrown gallium nitride semiconductor layer is, therefore, 
. ' relatively defect-free. » - ,:r : ?1 >. :r. ; 

Accordingly, the mask functions as a- capping layer on; the posts that forces the 
20 selective homoepitaxial growth of gallium nitride tp pccur only . on thj^sidgwalls . ^ r 
Defects associated witkheteroepitaxial growth of the gallium nitride seed layer are 
. pinned under the^mask. .Bpuswg a combination of grpwth from : sidewalls, and lateral 
overgrowtlvaxompfeterc^^ g^lKum nitride may 

be fabricated.iover the entire -surface; of a y/afej in one regpwth step^ 
25 . ; or : . The pendeoepitaxtal galfiwfcni trkte; semiconductor layer may? be laterally 
' grown [ using ; metalotganic;vapdr; phase epijjkxy (MOY?E).,. For example, the lateral 
galliunrnitriderlavermi^ . 
=animonia (NH^) precursor? at iaj?p&t^£^ 

TBG at about l<3r39^moi^^ spcm ,are used in, combination - 

30 with about 3000 scciri H^diltjenty Mftst preferably, TEG at.about 26fimQl/min^ NH3 
at about 1500isccm and r H#at about 3QQ0 sccm^t a temperature p^bout : l I 00°C and 
about 45 Torr are used. .The und^Jying gaUmm-nitride layer preferably, is formed on 
a substrate such as 6H-SiC(0001 ), which itself includes a buffer layer such as . 
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' aluminum nitride therebh: Other buffer layers such as gallium nitride may be used. 

Multiple substrate layers and-buffer layers' klso f may be used. * > .V-. ; . , 

- ■ Ji ^ The underlying-gallium : nitride* layer including the side wall may be formed by 
- Ti forming trenches in the- und^iyifig^gali liim* ttitn^e ; Jay eir;.sucfcthaLrth'e tfenche^d'efine 
5 the sidewalls. Alternatively, 7 the : sid8wft^ 

:<:: on the underlying galHum nitride fl&^fir*' th& xfe e asRea-poslS includinlg'the sidewalls and 
? <-^ r defimrig' the' trenches:* -A- sei5es ; ©f dfeniating r trenaieS arid it!askb& posts; is preferably 

forinfed to form a plurality of sldewallsl Thh pcstsare fornied'such that the top' 4 
*^ ;S ! smfece 5 a!nd not the sidevValls are ihasked?" As described aboVe; trenches and/or posts 
1 0 l - f may be fdrrit^ by riiasking and selective etching. ^Altetoatively^feleetive Epitaxial - 
• ; growth; combiiiatiBris ; 6f etching &id growth, brother techniques may b& tised; The 
■-^m&sk may beforinedloh the -post topsafter Torinatiorvof the posts. The trenches- may 
extend into the buffer layer and/of into the substrate so that the trench floors are in the 
buffer layer and preferably are in the silicon c^bide substrate. 
15 The sidewalls of the posts in the underlying gallium nitride layer are laterally 

grown into the trenches, to therd5yforai.a lateral gallium nitride layer of lower defect 
density than that of the underlying gallium nitride layer. Some vertical growth may 
also occur in the trenches, although : vertieal growth from the post tops is reduced and 
preferably suppressed by the mask thereon. The laterally grown gallium nitride layer 
20 is vertically grown through the openings in the mask while propagating the lower 
defect density. As the height of the vertical growth extends through the openings in 
the mask, lateral growth over the masktdcciirs whileJprc^aigating the lower defect 
density to thereby form an overgrown lateral gallium 'nitride layer on the mask. 

Gallium nitride semiconductor structures according to the invention Emprise 
25 a silicon carbide substrate arid a plurality of gallium nitride 'posts oh the silicon - - 

carbide substrate. The posts each incltidfe ^ a sidewall arid a top and define a plurality 
of trenches therebetween. A cappihg-lkyer is provided on theH6ps^6f4he^dstS: -A 
lateral gall turn nitride layer extends latjbra31^ ; '"iioilxi T tKe -si dewalls dfthfe posts irito the 
" trenches: The lateral *gaUira*nitrid& 
30 pendeoepitaxial gallium nitride layer. - The liateral gallium nitride teyer may be a 

continuous lateral gallium nitride layer that" extends between Adjacent sidewalls adross 
thetirenbhes therebetween. J • : ~ : • " • l * J ;j ° ^ m /;:..^ ; ;« 
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. .. • -The lateral gallium nitrid.e : layjr,may also extend vertical lv through thearray 
of openings. An overgrown later al : ,gaJUum#itiid§ Jayer may^^so li te.prpvidjsd that 
• ..extends laierally.ontpthe capping Jaye^: (: The. overgrown |a|eral gallium^nitride layer 
, . . jnay.be a continuous .oyergrowniateral^aM^^ extends between the 

5 . adjacent side^ i sri;' s 

c - ■ -i - r A^pluraJjty ;pf mic?:pelecttonjic i d.eyiGe^^ay fee provided in die-lateral .gallium 
v L- -Jiitridc layer^pdA>'r.in the. Qvem<^j^^£^^^^ •: Atyrfferla%exjnay 
be (included between the. s.Hippn?carbide substrate ;and the plurality pf-ppsts._ Jfce^ 
trenches may.extend info the silicon £a*idj$substtate y . into,the buffer layej££tbjpugh 
10 i.;the buffer laye^andiinXP the sHicpn;carbide;sub^rate tf The<galjium nitride posts may « • 
., : be of a defectdqnsityrand Jh« lateral gallium ^itride toy^a^^oyexgrovwi lateral 
gallium nitride layer^re oflowesdefect. density Accordingly, 
low defect density gallium nitride semiccnductor,layers may be produced, to thereby 
allow the production of high perform^ce nTdcrqelectronic.devices. . , ■ **' 

. , Brief Description of the Drawings . 

• : . .Figures- 1.-6 are cross-sectional views of gallium nitride semiconductor 
: . struptures during intermediate fabrication steps according to the present invention. , e 
' «,! Figures 7 and 8 ate cross T sectional view&pf Mother embodiments of gallium « 
20 niuide semiconductor structures Recording to the present in vention r . , , - 

Detailed-Description of Preferred Embodiments 

.v. The present- invention now willbe described more.fully hereinafter with 
- reference to the accompanying, drawings, in which preferred, embodiments of the 
25 invention are shown. . This invention may, however, be embodied in many different 
tnfpRllftMd. shpuld.npt-be -cons^rae4 as lnroted.tq the embodiments set forth herein;. 
^^? r .^se:cml^irae^ts.are : pfo^ded p.tta Ah&disejo^/irijl be thorp.ugh.and 
complete, andrwill fuljy,convex ; me v scope. 0 f the invention to those silled in the art. 
In the drawings,, thejhickness,of Jayers and regipnf are. exaggerated ( for ; clarity,, Xike 
30 numbers.refer to like elements throughout, ft wi^. be understood that : when an.,.. -, - 
, • element such as a .layer v: region or substrate T is,jeferred to as being "on" or "onto". . 
another element, it can be directly on the other element or.interyening elements may 
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also.be present. Moreover each embodiment described and illustrated herein includes 
its complementary conductivity type embodiment as well. , 
^ .... : ^Referrinj? no.w Jo Figures, 1 -6, : methods pf fabricating gallium ^nipide 
semiconductor structures, according to the present invention will now be described. 
5 As shown in Figure l/ an ? underlyin^gallium nitjide. layer 104 is pown on a substrate > 
102. The substrate 102 may hpludqjt 6H r SiC(P^0 1 ) substrate 102a and an aluminum 
nitride, or plhpr .buffer l&ysr 102fc>> . , TJfie crystal Qgj^pbic ctesi gnation conventions used 
e therein are well, known .to those haying skill in the art. and need not be described 
further, The underlying gallium nitride layer 104 p\ay.be between 0.5 and. 2.0}im , 
10 thick^andtmay.b^grown at lOOOfC on a high tempieratureX \ 
buffer layer ,102b, that;>yas deposited on the. 6H-SiG substrate 102a in axpld wall 
^vertical and inductively. heated metol organic vapor ph^se epitaxy systemusing . 
t * tr^eth^lgallium at 26p.mol/niin, ^nimonia at 1 500 seem, and 3000 seem hydrogen 
diluent. Additional details of this growth technique, may be found in a publication by 
15 T. W. Weeks et al. entitled "GaN Thin Films Deposited Via Orgqnometallic Vapor 
Phase Epitaxy on (6H)rSiC(000J} Using High-Temperature Monocrystalline AIN 
Buffer Layers", Applied Physics Letters, Vol. 67, No. 3, July l 7. 1995, pp. 401-403, 
the disclosure of ;which is. hereby incorporated herein by reference. Other silicon 
carbide substrates, with or without buffer layers, may be used. 
20 - Continuing with the description of Figure 1, a mask such as a silicon nitride 

(SiN) mask 109. is included on the underlying gallium nitride layer 104. The mask - 
109 may have a thickness, of about l OOOA andjn^y .be formeci.pn the underlying 
gallium nitride layer. 104 using low pressure chemical vapor deposition_(CyD) at 
410°C. The mask 1 09 is patterned to provide an.array : of openings therein, using y 
25 conventional photolithography techniques, rr-j/v-v; ;^ 'r ^ / , • ; v.* ,.-, f i ;i . 

As shown, in Figure L the underlying galjium ; nitride Jayer is.etched through 
the array of Qpenings to define a plurality ,of postsJOjS in the underlying gallium , 
nitride layer 104 and a plurality, of trenphes 10 each include 

a sidewall; 105 and a.tqp having the mask 7 109;the;reon ; r It . wall also.be understood that 
30 although the posts ,106 and trenches 107 are preferaW ( •: 

etching as described above, the posts may also : be formed by- selectively growing the 
. posts from an underlying gallium nitride layer and : then forming a capping. layer on - 
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/;: the tb^ aild selective etching iii^y 

also be used. 

'Stiff referring to Figure the : Qnlderlying gailiuni "nitride lay^r 104 includes a 
plurality of sidcrwails 105 therein/ It Will be understood'by those having 1 skill in the 
5 : ' 'aitlliat^the sidewalls 105 maybe thought *6i % as b'diig defined by the plurality of - 
' spaced kpak^&'lO^ as "mesas"; "pedestals r " :: dr 

"edliimiii' , K^ A Tlie : sidewialls' 105'^^ bie thought of as being ; defined' by the aU: ' 
plurality of frerickes 107; also iefe^d to as "vtelis", in the underiying r g&Kum^^ 
layhi i04:" T TTfe u sidfewali^ 105*rti : ay"alisb be thought of as being defined by & seriesrbf 

10 " aiterriatirig tfehdh'es 107 and posts 1 106. -As 'described aboveVthV-postsT06 and the : 
trenches 107 thkt ? defiri4 the sideWallS 105 miay oe fabricate * 1 

and/or selective epitaxial groA^^d/or bther cbiivemional techniques: Moreover, it 
will also be understood that the sidewallS need not be Orthogonal to the Substrate 102, 
but rathefrnay be oblique thereto. ~ * • - - " v' - 4 • h - j 

15 ' It \vill also bef understood that althougtfthe sidewalls 1 105 : are shown in cross- ~ 
section in Figure K the posts 106' ahd trenches 107 may define elongated regions that * 
are straight, V-shaped or have other Shapes. As shownMn l Figure 1; the trenches 107 
may extend into tK^biiffer layer l02b : and into'the substrate 102a; so that subsequent 
gallium nitride growth 'occurs preferentially on the sidewalls 105 rather than on the ^ 

20 trench fibbrs." Ih other embodiments, the trenches may not extend into the substrate .£ 
102a, and also may not ektend irito the buffer layer 102b." depending; for example, on 
the trehch s ^6irietry ahtttfelateril versus verticaT growth rates of the gallium nitride. 

Re^rfing now to Figure 2,1the : sidewaiis 105 of the underlying gallium nitride 
layer kre laterally gfoSpvTi^to* form a lateral gallium nitride layer 108a in the 

25 trenches 107. Lateral growth of gallium nitritife may be obtained at 1 000-1 lOO^C and 
45^fbrf! -fh'epre^ 1500 seem may be used 

in c6mife^icm ;, ^Hif a : 3O0O %ctm- Hi-diluent: * : ffgaMium nitride alloys are~ fotnred, 
-" additionafcbhwi^^ inafy also be 

usbd: As u£ed herein, the term ^aiCTal^meansa dn^etibnthal is^parfilM Wthe fades 

30 of the substrate 'fO^: It will alsb^Be^irideretood that Some vertical'growth of the lateral 
galliuin nitride 10^may als& : take place' duriifg'the lateral growth from the sidewalls 
105. As used hereinJthe^erm-vertieaP^^ denotes a 'directional parallel to the sidewalls 
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105-j However, ; it will be understood that growth and/or nucleation on thctpp of^he 
posjts 106 is; reduced and '^.p^p^yj^sam^^y.ihe mask 109. , ... , , 

\ .Referring now tp Figure 3, .continued . growth of me lateral gallium nitride, 
layer 108a causes vertical growm of.the-1^ ttepugh;the 
5 ^array of openings. Conditions : for ; ,yert^ > , 

described in connection ; with ;Figure: 2, :: As ; also shown in Figure 3 ? .continueA yertical 
growth imp trenches:,! 07 may^ake place avthe.bpttpjn.ofthe trenches.,,, > 

Referring now to Figure 4, continued growth of the lateral ga}liuni.mtri^e. . 
s . : >ayer i; l 08a:causes lateralovergrowth onto the mask 109. to form an overgrown lateral 
10 , gaJliiHn-ptri4«Ll?B5?r, 1Q?>), 3 prc>w^c9nditipn^for oyergipwthtmay ,be maintained as V ;I 

' was desctibe4.«».cp.9f^.9n Wt 1 ! ^g'P*. 2 ' .- s- : . . i - v v _ 
I - r;; ^Referring npw to Figure 5, growth is allowed to continue until the lateral 
growth-frpnts coalesce in the trenches 107 at the interfaces 108c r to form a continuous 
lateral gallium nitride semiconductor layer lQ8a in die trenches. 
15 Still referring to Figure 5i 3 growth is also allowed to continue until the lateral 

overgrowth fronts coalesce overthe mask 10? at the interfaces 108d, to form a 
continuous overgrown lateral gallium nitride semiconductor layer 108b. The total 
growth time may be approximately, 60 minutes,. A single continuous growtiv.step may 
be used. As shown in Figure 6, microelectronic devices 110 may then. be formed in 
20 the lateral gallium nitride semiconductor layer 108a,. Microelectronic devices alsp 
may be formed in the. overgrown lateral gallium nitride layer 108b. 

Accordingly, in Figure 6, gallium nitride semiconductor, structures 10Q. , , 
according to the present invention are illustrated. The gallium nitride structures.100 
include the substrate 102. The substrate preferably includes the 6H-SiC(0001) ; 
25 substrate 102a and the aluminum nitride buffer.layer 102b.pn the silicon carbide > . 
substrate 102acThe aluminum nitride, buffer. layer 102bm9y ; be 0.1 um thick. 

r The fabrication; Pf the substraje ; 102 is welkknown to those haying skill, in the 
art and need not be described, further, .Fabrication of sjlicpn.carbide substrates are 
described .for-e){jtfn.pl.e, ; in JJ.§,.Patents 4^.65,68.5.59, Palmpur, Re 34,861 to Davis et 
30 al.; 4,912,064 to<Kong et al. and 4,946,547 to Palmpur gf al., the disclosures of which 
, are hereby .incorporated herein by reference.. -v. • '■ • .: 

t. C , The underlying gallium,nitri.de layer 104 •is.al.s.q included on the. buffer layer, 
102b opposite the substrate 102a. The underlying gallium.nitride-layer 104 may be. 
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between about 6:5 and'2. r 0fini thick; and- may be 'formedKising^ 
phase epitaxy (MOVPEJ: The lirid^^h^'^i^^i^de fe'Ver generally Has act * 
ufttf£sired ; felatively high defect denisiiy/ : Fdf e^ampleV^isrocatiorildeKftie^ of 
: : "b^eeh ftbbut 10 8 and 10 IQ cm~ 7 niafy ^ 
5 layer. ' Thesie c Kigh : Hfef^^Vf^fie^ mayirfesMPiErbm hffsmafcKes in' lattice parameters 
lsr ^e^een the buffer layer 102b tH^li^riym^gafii^'riit^de \ay&i6ty1&&'dr 
other causes. 5 These high defeat densities ma^ c imj5act'the p8#6rmari<3e &V -* f 'o-g 
nficfoelettionic' device's '-formed in the undeflyihg'gaHiurn nitride te^er $04; 

:: "Still confirming with the descripiion"6fFigurer6 r the under4ying :, g^litim ; nitride 

10 layer 104 includes ; the plurality of sid^alls 105 that^^ 

of posts 106 and/or the plurality of trenches 107? AVSv^de%e#ft^ 
sidewalls may be oblique and 61 various eTb'rigated sHSpeS, ' Alfco as was 'described 
atiove, the gallium nitride posts 106 are capped 4vifh a cappirig4ayer such ^ a mask 
109, preferably comprising silicon nitride: * ; s ^ -* - 1 r - L ; * 

1 5 Continuing with the defeiiptibh of Figure 6; the- lateral gallium nitride layer 

108a extends laterally and vertically &omth% r pluraIity r of sidewalls 105 of the ' 
underlying gallium hitride-l&yfcr \M. The^overgrovWi krtfcral gallium nitride 108b 
y " extends from the' lateral gallium nitrfde la^er$08^:' The lateral gallium nitride layer* 
10Sa and the ; overgrown Weral gallium nitride 4ayer-108b may be formed using • - 

20 metalorganic vapor phase epitaxy at about 1000-1 100°G and about 45 Torr. ^ 
Precursors of trietfiyjgallium (TEG) at about 13-39^moI/min^d ainfrionia (NH 3 ) at 
about 1500 sccm : may fc't&ed ^ddhibination-with an about 3000 seem H 2 diluent, to 
jform the IateraP^afiiuffi nitride layer 1 08a and the overgrown lateral gallium nitride 
layer 108b.'' ■ ' ~ ' - - ' lJ . - • ' - ■ ■'■ 

25 " V 'As shown iri'Figure 6/ th£ lateral g"allmm nitride layer'108a eoalesce&at the 
interfaces 108c io form acontiiwbu^ layer 108a 

' In the ire^ncKe'sr li fias been fdtorid*' that ^eQisloieMi^hTle^kie^i^tHe^todeiriying 
gallium hm4de : liy^^ 105 
with the samVdensity as VertieafFy^frSrn-the iffidiflying gknlunh;ffitride. layer 104; 

30 ; Thiis, the lateral gallium- n'itfioV-la'j'ef 108a t-an have'a relatively JoW dislocation 

defect density, for example less than about l'O 4 6m' ? . From a practical standpoint,- this 
may be ; regarded as befect-fre&J ; Abidingly, the lafefal gallium nitride layer 108a 
may form devie'e quality gaHiiimriitride 'semiconductor materiak Thus, as shown in 
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Figure p\ ; micrpele^ 
(i , semiconductpr layer ,108a. . , ; .j ^ ... ,. ■ ... .. .... : - . .. 

i , . . Still referring.tp Figure ^^pvergrpwn lateral gallium nimde layer 108b 
coalesces at the interfaces 1 08d to form a continuous overgrown lateral gallium 
5 ;: ; nitride semicpnductpr : layer ^ , 
dislocation densities in &e u^d^lyjiig^ujn : ni|ride layer 104 ^dofthe lateral 
r . gallium, nitride Jayer.lOSa generally do not propagate laterally with "the same density 
* as verticallv from Ae underlying gallium nitride layer 104 and the lateral gallium' 
C niunde layer 108a. Thus, the overgrown lateral gallium nitride layer 108b also can 

10 '' have a relatively 1^^ 5 

Accordingly, the' b^ergrown lateral gallium nitride layer 108b may also form device ' 
^qualitrgatiaim nitride semiconductor 
•••^jMcfoclectt^ite^devices llttmay also be formed,- in the overgrown lateral gallium 
nitride semiconductor layer 108b. 
1$. t - Referring now to Figured 2 awl.^th^eod^odimeiits of gallium nitride 

: : semiconductor structures and fabrication mempds accord]ng to me present invention , 
■ c will.nowbe described,, Galliurn nitride structures are fabricated as was already 
, . described in connection with. Figures \r$ using different spacings or dimensions for 
the posts and trenches. In Figure 7, a small post-width / trench-width ratio is used to 
20 ,.. produce discrete gallium nitride structure^. In Figure 8, a large post-width / trench- 
width ratio is used, to produce other discrete gajtomi nitride, structures. _ 
Referring now to Figure. 7, using a small post-width / trench- width ratio, 
gallium nitride semiconductor structures of Figure 7 are fabricated as was already 
described in connection with Figures 1-4. Still referring to Figure 7, growth is 
25 allowed to continue until the overgrown lateral' fronts' coalesce ovet the' mask 109 at 
the interfaces 108d, to form a continuous overgrown lateral gallium nitride 
semicPnductdr layer over the mask;i09n The total' growth time may be approximately-; : 
;i J6b minutes. As showainPigu^r7»micr<ieJft<?t^i«c deyices ; 110,may be formed in the 
; .^overgrown, lateral gallium nitride layer. 108b. . : , - .. w . , ... 

30 , , ; • , Referririg-now to.Figure. 8„ using a large ppst^yidth / irench-width ratio, 
gallium nitride semiconductor structures of Figure 8 are fabricated as was already 
described in connection with Figure 1-4. Still referring toEigure 8, growth is Allowed 
to continue until the overgrown lateral fronts coalesce in the trenches 107 at the 
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interfaces 108c. to' form a continuous gallium nitride s^micbndoctor layer I08a iri the 
trenches 107. The total growth time may be approximatei^£(Fminu£ in 
Figure 8; mVcroelectrohic devices i 10 ilijiy Wforrnedift the : pendeoepitaxral gallium 
nitride layer 108a. 

5 " Additional discussion of mtiko&s atnid sti^cWes Wtie presfent mv£ritk>nwill 

now be provided! the trenches 'lO^ah'd ^e^it^blV fiTfet&gular &encHes ; ffiat 4 : 
preferably extend along the < 1 120 > "anc&or < i t ($0 >~ directions ofi'tfie* Uhd&l^Hig ' 
gallium nitride laver 104. Truncated triangular stripes having (1101) Slant facets and 
a narrow (0001 )rtop facet may be ol?tain<ed. for trenches along the. < 1 120. > direction. ^ f 

10 .■ Rectangular stripe? having a (0001) top, facet, (1120) v?rt^^ 

slant facets may be grown along the v< 1100> direction.^J<tf,grow^ - jam^s up^to 3 
minutes, similar morphologies may be obtained regardless orientation^ ? T^e stripes 
develop into different shapes if the growth is continued. J -..-j^u^Hri . c s»l ■ -? . S" 
— The amount of lateral growth generally exhibits a strong dependence on trench^ 

15 orientation- The lateral growth- rate of the <lT00> oriented is generally much fasted 
than those along < 1 1 20 > . Accordingly, : it is most preferred to orient the trenches so 
that they extend along the < T 1 00 ^ : difectidn 6f the underlying gallium nitride : layer ■* 



104. 



The different morphologicatl devefopmeht as a function of orientation appears^ > 
20 to be related to the stability of the crystailographic planes in the gallium nitride 

structure . Trenches oriented along < 1 1 2 0> may have wide (1 T 00) Slant facets and 
either a very narrow or no (0001 ) top facet depending on the growth conditions. This 
..may be because (1 101) is the most, stable plane in the gallium nitride wurtzite crystal 
structure^ and the grpyv^th rate ofihis-plane Js lqwer than, that pf others. The {1 10 1} 
25 .'- planes -of the- <£4'T0G> oriented" trenches miay be. wavy -which impliesthe existence 
■ - of more 'than one Miller ihdex; Wappe^S "that competitive ^growth- of selected;;{l 101} 
planes occurs during the deposition whlcli tauses ^ese ; planes to become unstable and 
which' causes their gro^H'rate'iolricrease relative to that ofthe (lTOI) of trenches 

oriented along < 1120 >. . . r . . . . 

30 The morphologies of the gallium nitride layers selectively grown from * 

trenches oriented along < 1 TOO > are also generally a strong function ofthe growth 
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temperatures. Layers grown at J 0QQ°C may possess -a truncated triangular ;j shape. This 
morphology may gradually change„tp a rectangular cross-section as the .growth -r 
temperature is increased. This shape ch2fflge; mayjOCcur ^ a result of the increase in 
- rtherdijHusion coefficient and therefore, the nfliuxigf Jhe .gallipn species along the (0001) 
5 top plane ontq : the: {1 groMTth/temperature;, Thislmay : 
result in a decreased ^ arid: an ? iriGrealse ; in that of the 

{tTt/i} ' :" : ' -Tlif k"phbnomefic>n al'^d r l>een: observed in die selective growth of gallium 
areenaie on Silicon dioxide. Acciordihgly, temperafiires of 1 1 OO^C *£ppi& r i6 WxAost 
preferred. 

10 '~ " The moiph'olojgicaJ develo^menf of the gallium nitride regibhb also appears to 
depend on ttie flow' rate of the TEG. Ah increase hi ffte supply oif TEG generally 
mcreases the gro\\th'rateln both thb lateral arid^e vertical directions: However, the 
lateral/vertical growth rate ratio decrease from about 1.7 at the TEG 'flow rate of about 
1 3^im61/min to 0:86 at about 39jimol/min. This increased influence on growth rate 

15 along <00bi> relative to that of <\ 120 > with TEG flow rate may be related to the 
type of reactor employed, wherein the reactant gaLses flow vertically and perpendicular 
to the substrate. The considerable increase in the concentration of the gallium species 
on the. surface may sufficiently impede their diffusion to the {1101} planes such that 
chemisorption and gallium nitride growth occur more readily on the (0001) plane. 

20 Continuous 2^m thick gallium nitride semiconductor layers may be obtained 

using.7fim wide trenches spaced 3|iim apart and, oriejrited ajong < 1 X.00 > , at about 
11 00°C and a TEG, flow, rate of about , 26}imol/min. : Continuous, 2\xm. thick gallium 
nitride semiconductor layers may also be obtained using 3^m wicte trenches spaced 
2^invap,art and oriented along < : .l IX)0t :> , jalsp at about 1 1 00°Cand a. TEG flow rate of : ; 

25 about 2.6|imol/min; The, cpntinuous gallium nitride semiconductor Jayers, may include 
( suJbs^ace_vQids;tfi9t fonnwhe^^^ 

most often using:latefal, growth conditions, ^herein Rectangular trenches and/or mask 
openings having vertical . {1 120}- side facets developed. . . l :. ;:> i " 

' .The continuous gal lium n^ * • 

30 microscopically flat and pit^free surface grown: gallium 

nitride layers may include a terface : striieture^av^ step height of 032nm. 

This terrace structure may be related to the laterally grown gallium nitride, because it 
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Ms generally not included •i^-mucb' r kar^ei£^a^films grown only on aluminum nitride 
buffer layfcrfcV The average RMS ri^finSss VSltfesWay l>e=siinilar to the value's ' 
- obtained for the 'Underlying gallium ftiiride %efi*04;' ~ o- f.U: ? vv/:. 
1 • • ,i TKr&adfiig r dfeld^^ 
5 ' galKum nitride: layer JO^and the.baffenlayerl®2b', aptpe^to propagate to the^op ; <: 
'surfeceipf. the -und^ijying galjiu^ ^Jt^cte ^fiiy^^l r^l^f^di^ocati on-xiensitx iwi^bi^i- 
- . : these-f e^qj^His approximately; l^ 9 /?m** r By^cont^^^e^dipg distortions ^io not 
P^PP§ar^px^dil^^Qpag^te laterally. Rather, the lateral g^lliuip nitride UywlOJ^ 
and the overgrown lateral gallium nitride layer 108b contain only a few dislocations. 
10 , In f t}iejateral gall^iim nitride layqr 108a, the few dislocations may, be formed parallel f . 
to the (0001 > plane via the extension of the vertical threac|ing dislocations after a 90° 
bend in the regrown region. The§£ dislocations dp.npt appear to propagate to the top 
surface of the overgrown gallium tride Jayer. r j^.. 

As described,. the formation mechanism of ^t^e selectively gro\yn g^lium 

" J ." .- - ■ • ■ * - ■ M - » • * .u c ' ' T - 

1 5 nitride layers is lateral epitaxy. Th$ two main stages of this mechanism are lateral (or 
pendeoepitaxial) growth and lateral overgrowth. During pendeoepitaxial growth, the 
gallium nitride grows simultaneously both vertically and laterally. The deposited 
gallium nitride grows selectively on the sidewalls more rapidly than it grows on the 
mask 109, apparently due to the much higher sticking* coefficient, s, of the gallium 
20 atoms on tlie gallium nitride sidewall surface (s==i) Compared to oh the mask (s«l) 
*and siit>strate (s<l). Ga of N atoms should riot readily bond to the maik and substrate 
s\irfacb in nutttbbrs > and : f()f £ time fciifficierit to cause" gallium nitride nuclei to form. 
They would 9it£^r evapdm^oi^diffuse along the mask andfsubstrate surface to the * 
ettd£bf Wmask or substrke md Wo thfe sidewaHs" Dftring lateral overgrowth, the 
25 :r ^Hiuni-mtride also growls Onc&the - 

: pendeoepitaxial gr owffi gmtrge^ over th&ta'asks, Ganfr N atomi shcruli still not i - - ~ 
^readily bona to tf^'inask'stlifac^ in riukibe^^ caus^lgSHlum' 
nitriae^uclei to foiro.-^ey or* diMise-aldtfgthelriasIc to 
the ends of the mask and onto the pendeoepitaxial gailMiiri nitride vertical surfaces.- 
30 Surface^diffiisipn^of gsHwsi §nei nitrogen ;eA the^gaUium nitride mayplay a 

TPle in gallium nitrideseteetiYe &&V!}&&'Tfre major.source^of material [appears to be « ; . 
, derived from the gas phase. This may; be demonstrated by the fact that an increase in 
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the TEG flow rate causes the growth rate of the (000 i\ top. facets to develop faster 
than the 1 (1 1 01) side facets iand thus Icqntrqlsitbe lateral growth, ..■ 

In conclusion, pendeoepitaxial and lateral epita\ial:overgrov^ttemay,be 
" obtained from side walls of an 'fih^fcrfjtegi^ layer via MOVPE. 

The growth may depend strongly ^B?the^idbwall 6rii?ntation,,sra^:tempemtwe and \^ 
:r TEO flow rate;: Eoidfesi^ and lateral overgrown gallium; 

tfitnde regibris to form regiorisWitfcto^ dfensjiiesjofidislocati^and 
smboth aWd pit-^free Surfaces may be kchieved: through' 3 fitni wide irienehes between 
2fim wide posts and extending along the < 1 TOO > direction, at about 1 10G°C and a 
TEG flow rate"of ^bout 26Mmol/min. The pendeoepitaxial and lateral overgrowth of 
gallium nitride from sidewalls via MOVPE may be used j io obtain low dafect density ■ 
regions for microelectronic devices over the entire surface of the thin film. 

* 'Iii the drawings and Specification, there haVe been disclosed typical preferred 
embodiments of the invention and, although specific terms are employed, they are 
used in a generic and descriptive sense only and not for purposes of limitation, the 
scope of the invention being set forth in the following claims. * - : . 
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that Which is Cfeimed Is: ' ^ ''-'> 3 *° " ; ? - 

1 . A method of fabricating a gallium hhride„semiconductor layer- !>:;:; 

compfismgithe steps of:: i . • J rwc '.£ : .:^'ir.% . v .:. 

..v'n v ?> f masking an underlying. gallium nitride -Jgygroira silicon carbide substrate with 
utt a mask that includes an array of Qpem^'gs^hexein;'^.: ;r >:•:■-: /.T • 

Sir.':':--: •; -retelling meam^ 
-* -defines plurality, of posts in the; underlying gallium nitride layer .and a plurality*?? 
^trenches therebetween, ;the posis e&ch including a sidewall anda top paving the,rnask 

b tlhereOn; and:, oc's :•: ..-:c .. ; C-." ! •••!; ±- .i ;.;.:.■<• :z: • a^'r-v ckiZ 

v 0 f ; .. -laterally .growjng.the : sidewalls,o£the posts .into, the benches, to thereby form a . 

10 / vgallium^nitride semiconductpr layer. - - , : L ; , ,v...- ••. - : . , Tt: -. , 

■ ;2.r ; . .A method according to s Claim 1 wherein the step of laterally growing 
comprises thestep of laterally; growing.the sidewalls of me.posts into the te^nchgs 
until the laterally grown sidewaJls.coalesce.jn.uie .trenches to thereby form a gallium . . 
nitride semiconductor layer. ; •• ; . ...... - ; .< 

3. A method according to Claim 1 wherein the step of laterally growing 
comprises the step of laterally overgrowing the laterally grown sidewalls of the posts 
in the trenches onto the mask on the tops of the posts, to thereby form a gallium 
nitride semiconductor layer. 

4. A method according to Claim 3 wherein the step of laterally growing 
comprises the step of laterally overgrowing the laterally grown sidewalls of the posts 
in the trenches onto the mask on the tops of the posts until the laterally grown 
sidewalls coalesce on the mask, to thereby form a gallium nitride semiconductor 

5 layer. 

5. A method according to Claim 1 wherein the laterally growing step is 
followed by the step of forming microelectronic devices in the gallium nitride 
semiconductor layer. 
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, vi f ^ o 6.„ A metfiod according ta Cldm 

comprises the step pjf laterally growing .the sidewalls of the postsintq the trenches 4 
using metal organic vapor phase epitaxy. 



; . _ _7. ^ A qiethqd according to- Claim ? l.yvh^rein the ; ma$lc^ig step comprises 
the step of masking an underlying gallium nitride layer on a buffer lay^r on a 4 silicon 
carbide substrate with.a qjasjc that i^clud^s. axirarray.pf openings, therein.;. n: : 

8. A method according to Claim 1 wherein the etching step pomprises the 
step of etching the underlying gallium nitride layer and the silicon carbide substrate 
through,the array of opeoings tp.defmea plurality of posts .in the underlying gallium 
nitride layer and a plurality of trenches therebetween, the posts e&ch including & . 
sidewall apd a top having the. mask thereon, . the trenches including trench floors in the 
con carbide substrate. , 



9. A method according to. Claim, 7 wherein the etching, step comprises the 
step of etching the underlying gallium nitride layer, the buffer layer and the silicon 
carbide substrate through tlie array pf openings to define a plurality of posts in the 
underlying gallium nitride layer and^a plurality of trenches therebetween, the posts. . 
each including a sidewall ^nd a top having the mask thereon,. the trenches including 
trench floors in the silicon carbide substrate. 

10. A method according to Claim 1 wherein the masking step comprises . 
the step of masking the underlying gallium nitride layer on a silicon carbide .substrate: 
with a mask that includes an array of stripe openings therein, the stripe openings 
extending along a <1J00> direction of the underlying^ gallium nitride layer. *. - 

, : 1 1 . . A method -according to^ the underlying.gallium nitride 

layer includes a defect density, and wherein the laterally growing step comprises the 
step of laterally growing the sidewalls of the, posts intp.the.trenches.to thereby form a 
gallium nitride semiconductor layer of lo\ver, defect density than the defect density., . 
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12. " Aimettiod acfc*ordirife y td Claim r'wherein the masking step is preceded 
by the 'sfispftf forming an uriderlyin^ 3n a silicon catbide ; ' * 

substrate. - » s . ^ . _ . ..... 

? *~ 1 1^1 * ? "AOrtfietHbd according to Claim 7 wherein the rriaslcirig step is preceded 

by the* steps 6f: ' * * 

forming a buffer fever oh a^siiicoh Carbide substi&te; arid 4 * ' * J r " c ' ' j *' 
forming an underlying gallium nitride layer on a buffer layer, opposite the 
5 ' silicon carbicie Substrate. - ' ' ' ' " 

i; 1 4. A' rtiethod of fabricatirig a gallium nitride Semiconductor layer : wr - 
comprising thestep's' of: " ~ ' - .->. -^* r , 

" : providing a silicori carbide "isuBstrate, "a gallium rtitfide layer oil the silicon : r 
carbide substrate and a capping layer on the gallium nitride layer opp'ositethtf silicon * 
5 carbide substrate, the gallium nitride layer including a plurality of posts and a 

plurality of trenches therebetween, the trendies defining a plurality of openings in the J> 

capping layer; * ~ ■ _ * 

laterally arid Vertically growing si dewills of the' posts into the trendies arid v 
through the openings in the capping layer to thereby form aiateral gallium nitride ' 1 % ^ 
10 layer ih the trenches that extends vertically through the openings in the capping layer; . . 
and '~ '' ~ m ' ' 

laterally overgrowing the lateral gallium nitride layer that extends through the 
openings in the capping layer 6nt6 the capping layer to thereby form an overgrown 
lker^galfii^m nitride layer. f ' ; ' - ■ - 

15. <' : A-me&^ ' * 

vertically growing the sidewalls and laterally overgrowing the lateral gallium nitride 
layer aire performetf withbtif vertic^ly'''gi-oAwng gallium nitride on'the capping layer. 

1V 16. * ? A meAdd : accbrdirig to' Claim' 14 wherein the step of laterally J r ? 
overgrowmgthe late^'gallitm-mtria 11 - 

overgrowing the lateral gallium nitride layer that extends through the openings in the 
capping layer onto the capping layer until the overgrown lateral gallium nitride layer 
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5 coalesees .ori Ae capping J overgrown lateral gallium 

nitride layer. . ; ,* , 

^ v:. ; : vru 1 !.: A : metho.d^ccording ; t9^ *e step of .laterally 

oversowing the lateral, gallium^ by the step of forming 

microelectronic devices in the overgrown lateral gallium nitride layer. ^ 

18. A : method according to Claim 1 4 wherein ..thje providing step comprises 
the steps of: . r t . _ ^ 

?j? ? s^WfePg an underlying jg^li^ni^de Jay^qn a silicon carbide substrate with 
l? a mask that includes an array of openings A , _ 

5 etching the underlying gallium ni tride layer .through the array of openings to 

define a plurality.of posts in the gallium nitride layer and a plurality of trenches 
therebetween, the posts each including a sidewall and a top haying the mask thereon 
to provide the capping layer. 

1 9. A method according to Claim 18 wherein the masking step comprises 
the step of masking an underlying gallium nitride layer on a buffer layer on a silicon 
carbide substrate with a mask that includes an array of openings therein. 

20. : , m A method according to Claim 18 wherein the etching step comprises 
the step of etching the underlying gallium nitride layer and the silicon carbide 
substrate through the_array of openings to define a plurality of posts; in the underlying 
gallium nitride layer and^a plurality of trenches therebetween, the .posts .each including 
a sidewall and a top having the mask thereon, the.trench^ including trench ftoors in 
the silicon carbide substrate. 

r. ». <rr: : ~r, : . : ,\\ r :t;^% 0 < !,.://.:«.-•.• * 

. 2 1 . : A method accor&ng^^^^ the, etching step comprises 

the step of etching ^ buffer Jayer and the silicon 

carbide substrate through the array of openings to define a plurality of posts in the 
underlying gallium nitride layer ed a plurality of trenches.therebetween, the posts 
each including a sidewall and a top having the maskoherepn, the trenches including 
trench floors in the silicon carbide substrate. 
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'22. '' Afoiettitfi fi5^^^wt3aittWwhytfirf'th^ : ^d(»lyihg gallium'- 
nitride layer includes a defect density, and wherein the laterally and vertically^' 
growing step comprises the step of laterally and vertically growing the sidewalls of 
the posts inio%ietr^nches an^ihi^^^^'O^^ik^ln^e lapping layer to : thereby 

5 fonualSe'raW^ 

defect density?'" ttrL - m!I ~ 3 - T32ul «*' a} '' J ' "'■ ; - ^ ' " " A:: 

w:t;;..w^k *"a' j^iiirfW^fiii^stoicaiduete*- Imictui^'cbmpriang: • 8l 

a silicon carbide substrate; - v -* 1 J 

:// l n j^^fry oF|iiiiafn kitride ip6^Von r tHe silicon 6ai*idie ; ^fc8fra^ the posts 
each including a sidewall and a top; afid defimng WpluMily of trericfrfes therebetween; 
5 ' a ckpping layer on the tops b^th^ pdsts; ahtf^ ; :v - u Z aur ' 

a lateralgailium fiitride layer that Extends laterally frbrii the-sidewalls of the 
posts into thetrenches. " ' ; " ' : u u:l : ^ w ^c'--'4> ; - 

24. A structure according to Claim 23 wherein the lateral gallium nitride 
layer is a cbntinuous lateral gal liti£ti riitr?dfe r ^yer-tftat extends between adjacent 

' ; s'idewalls across the trenches tKerebetWeen: J ' l: -* ^ 7:v ' r - - 

25. A structure according to Claim 23 wherein the lateral gallium nitride 
layer aiso extends vertically in the trenches, to beybriH thfe capping layer. 



' * A structure accOr&ing to-6laim~25 further comprising: 
* - ? ifi bvergrown lat&al gallitim^ nitride layer that extends laterally from the 
%tei%T gaW^ layefJ 11 e - r * : * - ' ; '- 

27. A structure according to Claim 26 wherein the overgrown lateral 
laliiutti nitridfc la^Ffs : a fcoiitntti8& ^Vei^o^vnlaitaral j^ifim^nitride layer that 
extends between' kcflkcenf sidewalls Across th^ - - - 

■ 28. * A stractiife aecBrdin§ fo fc l aiiri 23* farther comprising a plurality of 
micV^electronic devices in* the'^i^^lium'miride layer: ■ • : 1 { 
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29. A structure according to Claim 25 further comprising a plurality of 



microelectronic devices in the lateral gallium nitride layer that extends vertically in 
the trenches, beyond the capping layer. 



30. A structure according p> Claim 26 further comprising a plurality of 
microelectronic devices in the overgro^' lateral gallium nitride layer. 



r JJ J. v ^ A structure according to Claim 23 fiirtlier comprising a buffer layer 
between the silicon carbide substrate and the plurality?of posts. 



5 32. A structure according to Claim 23 wherein the trenches extend into the 
silicon carbide substrate. ; ^ ,1 * : : ^ 



' 33. A structure according to Claim 3 1 wherein the trenches exteiid through 



thfe buffer layer and into thejsUicon 



substrate. 



34. A structure according to Claim 23 wherein the posts are of a defect 
density and wherein the lateral gallium nitride layer is of lower defect density than the 
defect density. 



35. A structure according to Claim 26 wherein the posts are of a defect 
density and wherein the overgrown lateral galliurri nitride layer is of lower defect 
density than the defect density. 
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